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Broadening the bandwidth of entangled photons: a step towards the generation of
extremely short biphotons
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We demonstrate a technique that allows to fully control the bandwidth of entangled photons
independently of the frequency band of interest and of the nonlinear crystal. We show that this
technique allows to generate nearly transform-limited biphotons with almost one octave of band-
width (hundreds of THz) which corresponds to correlation times of just a few femtoseconds. The
presented method becomes an enabling tool for attosecond entangled-photons quantum optics. The
technique can also be used to generate paired photons with a very high degree of entanglement.
PACS numbers: 42.50.Dv, 42.65.Lm, 03.67.Bg, 42.65.Re
The development of methods for the generation of en-
tangled photon pairs (biphotons) with a specific band-
width has been of great interest in recent years. Nar-
row bandwidth of frequency correlations is important for
the design of efficient atom-photon interfaces [1] in quan-
tum networks [2], for long distance quantum communi-
cations [3], or to enable direct measurements of temporal
correlations with current photodetectors [4, 5].
On the other hand, some applications such as quan-
tum optical coherence tomography [6] and nonlinear mi-
croscopy [7] require wide bandwidths. Wide bandwidths
are a requisite for the generation of biphotons with very
short correlation times [8] and when high fluxes of bipho-
tons are desired [9]. A bandwidth of hundreds of THz can
generate biphotons with a few femtoseconds of correla-
tion time. These short temporal biphotons are of partic-
ular interest in the fields of quantum metrology [10] and
for some protocols for timing and positioning measure-
ments [11]. The narrow temporal correlation embedded
in the biphoton can be transmitted over large distances
thanks to the strong correlations of the entangled pho-
tons that allow to remotely compensate for chromatic
dispersion [12].
Spontaneous parametric down conversion (SPDC) is
the most convenient source for the generation of entan-
gled photon pairs. When an intense laser beam illumi-
nates a nonlinear material, with a certain small proba-
bility a pump photon might split into two lower energy
photons. In analogy with a classical pulse, the temporal
correlation width of the biphoton is determined by its
spectral bandwidth and spectral phase [13]. The band-
width of the SPDC pairs is determined by the type of
phase-matching (type-I, type-II), the length and the dis-
persive properties of the nonlinear material, the geome-
try of the SPDC configuration (collinear or non-collinear)
and by the spectral and spatial characteristics of the
pump beam. By changing any of these parameters it is
possible to modify the bandwidth and therefore the tem-
poral correlations of the SPDC photons. For example,
by choosing a particular material (PPLN) and pump-
ing it at a specific wavelength (λ = 1885 nm), an ultra
broad bandwidth of ∼ 1080 nm has been recently re-
ported [14]. However, from this experiment no conclu-
sion can be drawn about the biphoton’s temporal length
because the spectral correlations were not measured. In
contrast, the group of Silberberg achieved to produce a
bandwidth of 100 nm that yielded a biphoton with 23 fs
of correlation time [7].
An alternative approach to modify the SPDC band-
width is to use chirped quasi-phase matched crystals [15].
A frequency correlation bandwidth of ∼ 300 nm at a
central wavelength of 812 nm has been achieved. Nev-
ertheless, when this technique is used to obtain narrow
temporal biphotons, compensation of the spectral phase
is required as the biphotons are not transform limited.
In this Letter, we demonstrate experimentally a tech-
nique to increase the SPDC bandwidth in order to gener-
ate ultrashort near transform-limited biphotons. It em-
ploys angular dispersion (pulse-front tilt) to modify the
effective group velocity and group velocity dispersion of
the interacting waves. Differently from other approaches,
the method is not based on the choice nor on the engi-
neering of the nonlinear material and it works in any
frequency band and in any nonlinear crystal of interest.
That offers two advantages: First, the wavelength can
be chosen in the region where single-photon detectors
exhibit high detection efficiency; second, advantage can
be taken of materials with high nonlinear coefficient that
naturally do not provide the desired bandwidth.
Angular dispersion is a powerful enabling tool in many
different areas of optics. It can be used to introduce neg-
ative group velocity dispersion in a beam propagating in
free space [16], it is a key element in many techniques for
pulse compression, it enables the generation of femtosec-
ond second harmonic waves [17, 18], and it has made
possible the observation of temporal solitons [19], where
the natural dispersion of the material would have made
such observation impossible. In quantum optics, angu-
2FIG. 1: Experimental setup. SHG: second harmonic genera-
tion; M: mirrors; Gr: gratings; F: long-pass filter; PBS: po-
larizing beamsplitter; Mono: monochromators; D: detectors;
C.C. Coincidences electronics.
lar dispersion enables to tailor the frequency correlations
of entangled photons and allows to generate frequency-
uncorrelated and frequency-correlated pairs of photons
[20], quantum states that are not easily produced in most
experimental configurations currently used [21, 22].
Let us consider collinear SPDC where the downcon-
verted photons copropagate along the direction of the
pump beam. The state of the downconverted photons at
the output of the medium may be written as
|ψ〉 =
∫
dqsdqidΩsdΩiΦ (Ωs,Ωi,qs,qi) |Ωs〉 |Ωi〉 , (1)
where Ωj (j = s, i) denote the signal and idler photons’
angular frequency detunings from the central angular fre-
quency ω0j , i.e, ωj = ω
0
j +Ωj , and qj are the correspond-
ing transverse wavenumber vectors. The spectral and
spatial properties of the down-converted photons are de-
scribed by the joint spectrum [13]
Φ (Ωs,Ωi,qs,qi) ∝ Eω (Ωs +Ωi)Eq (qs + qi)
× sinc
(
∆kL
2
)
exp
{
i
skL
2
}
, (2)
where Eω and Eq are the spectral and transverse
wavenumber distributions of the pump beam at the in-
put face of the nonlinear crystal of length L, respectively.
∆k = kp−ks−ki is the phase-mismatch along the longi-
tudinal direction with kj = [(ωjnj)
2
/c2 − |qj |2]1/2, and
sk = kp + ks + ki. nj is the index of refraction and c the
speed of light.
To illustrate the principle behind the proposed
method, let us consider the scheme shown in Fig. 1. In
contrast to typical collinear SPDC configurations, the
nonlinear crystal is placed between two optical elements
that introduce angular dispersion, e.g., a pair of prisms
or diffraction gratings. Angular dispersion ǫ causes the
front of the pulse to be tilted by an angle ξ given by
tan ξ = −λ0ǫ, where λ0 is the central wavelength of the
pulse and angular dispersion ǫ = m/ (d cosβ0), where m
is the grating’s diffraction order, d is the groove spacing
and β0 is the output diffraction angle.
The introduction of angular dispersion modifies the
spatial distribution of the pump Eq and the phase-
mismatch ∆k of the joint spectrum of Eq. 2. If the grat-
ings introduce opposite angular dispersion in such a way
that tan ξs = − tan ξp/αp and αpαs = 1, it is possible
to modify ∆k only, and to effectively modify the group
velocity and the group velocity dispersion of the pump,
signal and idler photons. Here αj ≡ cos θj/ cosβj with
θj and βj being the incidence and diffraction angles of
the pump beam at grating Gr1, respectively.
The effects of angular dispersion on the SPDC spec-
trum can be better understood by expanding ∆k in a
Taylor series about the central frequencies ω0j . For a
quasi-continuous-wave pump, the frequency detunings of
the downconverted photons must be anticorrelated in or-
der to satisfy energy conservation, i.e. Ωs = −Ωi, and
∆k becomes
∆k ≈ (N ′s −N ′i)Ωs −
1
2
(g′s + g
′
i)Ω
2
s + . . . , (3)
where N ′j = Nj + tan ξp tan ρj/c and g
′
j = gj −
[tan ξp/c]
2 /k0j play the role of effective inverse group
velocity and effective group velocity dispersion, respec-
tively. The inverse group velocity Nj = (dkj/dωj)ω0j
and group velocity dispersion gj =
(
d2kj/dω
2
j
)
ω0j
are
modified in the presence of the pulse-front tilt ξp and
Poynting-vector walk-off ρj . The new effective values of
group velocity and group velocity dispersion depend on
the angular dispersion experienced by the pump beam
and allow us to control the SPDC bandwidth.
For example, let us consider type-II SPDC where the
polarizations of the downconverted photons are mutu-
ally orthogonal. If tilt ξp is chosen such that the effective
group velocities are equal, N ′s = N
′
i , the lowest non-zero
term in phase mismatch ∆k is of the second order which
results in an increase of the bandwidth. We obtain a
type-II process where the dependence of the bandwidth
on the length of the nonlinear crystal goes as 1/
√
L, in-
stead of the typical 1/L [13]. The value of the pulse tilt
that maximizes the bandwidth is
ξmaxII = tan
−1
{
c(Ni −Ns)
tan ρs − tan ρi
}
. (4)
On the other hand, in a type-I process the polarizations
and the group velocities of the signal and idler photons
are equal. The bandwidth is increased if the tilt is chosen
such that g′s = g
′
i = 0. In such a case, the first non-zero
term in ∆k is of the 4th order and the dependence of the
bandwidth on the length of the crystal goes as 1/L1/4.
The tilt that maximizes the bandwidth is
ξmaxI = tan
−1
(
c2gsk
0
s
)1/2
, (5)
where k0j = kj
(
ω0j ,qs = qi = 0
)
.
To demonstrate the feasibility of the proposed tech-
nique, an experiment was performed (see Fig. 1). A
3770 790 810 830 850
770
790
810
830
850
 Id
le
r W
av
el
en
gt
h 
(n
m
)
 Signal Wavelength (nm)
770 790 810 830 850
770
790
810
830
850
(b)
 Signal Wavelength (nm)
 Id
le
r W
av
el
en
gt
h 
(n
m
)
(a)
FIG. 2: Measured joint spectral density: (a) tilt ξp = 0
◦,
(b) tilt ξp = 38
◦. The joint spectrum broadens sevenfold as
expected.
2 mm thick, type-II BBO crystal flanked with two grat-
ings Gr1 and Gr2 was pumped by the second harmonic
(Radiantis Blue Stream, 40% efficiency in the picosecond
regime) of a picosecond Ti:sapphire laser (Coherent Mira
900-P) tuned at 810 nm. The downconverted photons
were separated by a polarizing beamsplitter and fed into
monochromators Mono1 and Mono2 (Jobin Yvon Mi-
croHR). Single-photon detectors (Perkin-Elmer SPCM-
AQR-14-FC) measured single counts and coincidence
electronics counted coincidence counts within a 3 ns win-
dow. The joint spectrum was obtained by measuring the
number of coincidences while the two monochromators
scanned the plane from 760 nm to 860 nm.
Figure 2 shows the experimental results. Fig. 2(a)
depicts the joint spectral density for tilt ξp = 0
◦
when the gratings were removed. The typical frequency
anti-correlation of the SPDC photons can be observed.
Fig. 2(b) corresponds to the situation with tilt ξmaxII =
38◦ that maximizes the bandwidth. This was accom-
plished by taking grating Gr1 with a groove spacing
d = 1/1200 mm and diffraction angle βp = 52
◦. In order
to satisfy tan ξs = − tan ξp/αp and αpαs = 1, grating
Gr2 had d = 1/600 mm and βs = 18
◦.
A more quantitative comparison between the cases
with and without pulse-front tilt is plotted in Fig. 3.
The graphs in the upper row correspond to the spectra of
signal single counts measured after one of the monochro-
mators: (a) without tilt and (b) with tilt ξp = 38
◦. The
spectra of idler photons are not shown for being alike.
The squares are experimental data and the solid lines
are the theoretical prediction.
Figures 3(c) and (d) depict the profile of the number of
coincidence counts along the antidiagonal (straight line
at −45◦) of Fig. 2 without tilt and with tilt, resp. The
variable Λ− = (Λs − Λi)/
√
2, where Λj is the detun-
ing from the central wavelength, is associated with this
antidiagonal. Without tilt, the FWHM bandwidth was
measured to be ∆Λ− ∼ 7.5 nm (Fig. 3(c)). Applying a
tilt ξp = 38
◦, the bandwidth broadened to ∆Λ− ∼ 52 nm
750 770 790 810 830 850 870
0
15000
30000
45000
60000
Si
ng
le
s 
/ 2
0 
s
Wavelength (nm)
750 770 790 810 830 850 870
20000
40000
60000
80000
100000
S
in
gl
es
 / 
10
0 
s
Wavelength (nm)
-60 -40 -20 0 20 40 60
0
100
200
300
400
500
C
oi
nc
id
en
ce
s 
/ 2
0 
s
 (nm)
-60 -40 -20 0 20 40 60
0
50
100
150
200
(d)(c)
(b)
C
oi
nc
id
en
ce
s 
/ 1
00
 s
_ (nm)
(a)
FIG. 3: (a) Signal single counts for ξp = 0
◦; ∆λs = 5.2 nm.
(b) Signal single counts for ξp = 38
◦; ∆λs = 41 nm. (c)
Coincidences along the antidiagonal for ξp = 0
◦; ∆Λ− =
7.5 nm. (d) Coincidences along the antidiagonal for ξp = 38
◦;
∆Λ− = 52 nm. Solid lines represent the theoretical predic-
tion, squares are the experimental data.
(Fig. 3(d)). The sevenfold increase of the bandwidth is
achieved without any modification of the nonlinear crys-
tal or the working wavelength, only by introducing an-
gular dispersion into the pump beam and the downcon-
verted photons. It is this independence of the material
properties and of the working wavelength which makes
the method proposed here so promising for controlling
the bandwidth of the SPDC photons.
The application of this method for the generation of
entangled photons with very narrow temporal correla-
tions can be seen in Fig 4. In general, temporal bipho-
ton Ψ(t1, t2) (tj is the clicking time of j -th detector) is
given by the amplitude and phase of the joint spectrum
Φ (Ωs,Ωi). Fig. 4 shows the spectral density (a), spectral
phase (b) and temporal shape (c) of a biphoton for the
case of 2-mm thick Type-I BBO SPDC at 810 nm. Type-
I phase matching was chosen because of its naturally
broader spectrum. In the case without tilt, the spectral
phase follows a quadratic dependence. In the case with
tilt in the region where the spectral density varies, the
spectral phase is almost constant due to its fourth-order
dependence on the frequency. It is this fact that makes
possible to generate nearly transform-limited biphotons.
The mentioned increase of bandwidth translates into ul-
trashort biphotons with a temporal correlation of a few
femtoseconds. This contrasts with other methods where
the increase of the bandwidth is not directly accompanied
by a decrease of the correlation time [15, 23].
Figure 4(c) was obtained by performing a Fourier
transform of Eq. 2, both numerically and analytically.
The dashed and solid lines correspond to the case ξp = 0
◦
and ξp = ξ
max
I = 16.2
◦, resp. The FWHM bandwidth
of the spectral density obtained without tilt is 96 nm
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FIG. 4: (a) Spectral density |Φ|2, (b) phase skL/2 and (c)
correlation time |Ψ(t1 − t2)|
2 of the biphoton for type-I BBO
crystal without tilt (dashed line) and with tilt (solid line).
The shrinking of the temporal correlation is clearly observed.
(2π 44 THz) that corresponds to a correlation time of
19 fs (rms width) [13.4 fs FWHM]. This should be com-
pared with the case when the optimum angular dispersion
is applied that gives a bandwidth of 465 nm (2π 197 THz)
and a correlation time of 6.4 fs (rms width) [4.6 fs
FWHM]. It should be noted that working at a shorter
wavelength, it is possible to further shorten the bipho-
ton, because the correlation time scales with λ2/(c∆λ).
Pump beams with pulse-front tilt can also be em-
ployed to obtain a very high degree of entanglement.
Up to now low values of the entropy of entanglement
(E ∼ 1 − 2 ebits) of paired photons in the frequency
continuum have been reported [24]. A higher degree of
entanglement can be achieved using broadband SPDC
photons. For entangled photons of the form Φ (Ωs,Ωi) ∼
exp
{
− (Ωs +Ωi)2 /B2p
}
exp
{
− (Ωs − Ωi)2 /B2c
}
, the
entropy of entanglement [25] depends on the ratio
between the bandwidth of the pump beam Bp (typically
2π 5 MHz) and the bandwidth of the biphoton Bc. For a
bandwidth of ∆λs = 31 nm (Bc ∼ 2π 16.4 THz) at 1064
nm [26], one has values of Bc/Bp ∼ 3.3×106 and E ∼ 21
ebits. The method presented here allows to reach values
of ∆λs > 500 nm (Bc > 2π 420 THz), therefore allowing
typical ratios greater than 8.4× 107 and E > 26 ebits.
In conclusion, a scheme to broaden the bandwidth
of the SPDC photons was experimentally demonstrated.
The method is based on the introduction of angular dis-
persion (pulse-front tilt) into the pump and downcon-
verted photons which allowed us to demonstrate a seven-
fold increase of the original bandwidth without changing
the nonlinear crystal or the frequency band. The po-
tentiality of the proposed method to generate ultrashort
nearly transformed-limited biphotons, and with a high
degree of entanglement, has also been discussed. The de-
scribed method can allow biphotons to enter the realm
of attosecond quantum optics, since it allows the gener-
ation of entangled photons with correlation times below
one femtosecond.
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